Abstract-In this paper, the influence of high speed train vibration on the human lumbar spine is studied by three dimensional finite element method. The point cloud data of the human lumbar vertebrae are acquired by the arm type flexible point coordinate digital measuring instrument. Then it is imported into the Hypermesh software for model reconstruction and mesh generation. The finite element models of L1~L5 in human lumbar spine are created and MSC Nastran software is used to analyse the model and vibration response of the whole lumbar spine model. Results show that the resonance frequency of the human lumber spine mainly concentrates in low frequency phase. The vibration is mainly bending and torsion. Under given high speed train vibration excitation conditions, the vibration amplitude of L4~L5 segment is larger, which is the weak link of lumbar spine. This high amplitude vibration will significantly increase the load bearing capacity of the lower lumbar spine. The analysis of the finite element dynamic characteristics of high speed train passengers helps study the influence on passenger lumbar spine structure and its action principle in rail transit vibration environment. It helps to improve the treatment and prevent lumbar disease, and it has important significance in the design optimization of the passenger seat.
I. INTRODUCTION
With continuous development of railway industry in China, High speed railway has become the common trend of railway development in the world today. High speed railway develops in directions of high density and high speed, at the same time higher requirements for comfort are put forward. People especially cares for the vibration effects on lumbar spine of passengers.
Lumbar spine is an important mechanical structure of human body. It has a very important role in maintaining body position and physiological activities. Lumbar spine is the largest contributing bone in a range of load-bearing activities. It is also a major morbidity part of spinal diseases. For a long time, vibration has been considered as an important risk factor for the health of spine. Epidemiological studies report that if people expose to the vibration environment, they'll have generally 1.4 to 9.5 times higher chance of back pain than average person. The vibration loads directly on the occupant's hip and lumbar through seat in high speed train operation process. When the excitation frequency of track is close to the natural frequency of lumbar spine, it will cause resonance of the lumbar spine and produce relative displacement. If this alternating-amplitude cyclic vibration load has long term effects and accumulation, it will cause mechanical injury, intervertebral disc degeneration and spinal deformity of the lumbar spine [1] .Due to the complexity of the spine in terms of anatomical structure, material properties and load distribution, the experimental method is difficult to obtain the global information. By using the finite element method, the model can not only simulate the lumbar spine and intervertebral disc, but also define the material properties of the ligaments and muscles around the vertebral body to simulate the biomechanical performance of the spine under different conditions Many studies have attempted to reveal the intrinsic link between low back pain and body vibration [2] . Due to some limitations of experimental methods and mathematical models, the finite element method has been paid more and more attention as an effective complement. In 1973, the finite element analysis method was first applied to the study of spinal biomechanics [3] . In the finite element dynamic analysis of human lumbar spine, Pankoke and others establish the finite element model of the sitting posture and study the overall frequency distribution and energy transfer characteristics of the upper body [4] . Ueno uses commercial software (ANSYS) to establish a true meaningful L4~L5 joint finite element model for the first time [5] . Goel and others establish a three dimensional finite element model of the ligament in lumbar motion segment L4~S1 , and they analyse the dynamic response of the lumbar spine [6] . Kong and others establish a three dimensional finite element model of the human lumbar spine considering the head and upper body and analyse the natural frequency of the lumbar spine [7] .
In this paper, the dynamic response of the whole human body under special vibration environment of rail transit is mainly studied by finite element method [8] . The analysis of the finite element dynamic characteristics of high speed train passenger has great value, for it helps study passenger lumbar spine structure and its action principle under the influence of rail transit vibration environment, and improves the treatment method and prevention measure of lumbar disease of human body. It also can improve the ride comfort and the optimization design of the passenger seat in high speed train.
II. MATERIALS AND METHODS
In this paper, we use the arm-type flexible point coordinate digital measuring instrument to measure the skeletal element of human lumbar spine. Point cloud data of all lumbar spine 978-1-5386-0490-8/17/$31.00 © 2017 IEEE shape geometry from L1 to L5 are obtained. Then point cloud data are imported into the Hypermesh software that is a powerful finite element mesh pre-processing software to do processing. Just like the method Chenggang Shen [9] used in, combing with modern CT and reverse engineering, to build and analyze the finite element model of lumbar segments. The main special points of the lumbar spine are extracted and a three-dimensional finite element model of human lumbar vertebral L1~L5 is established [10] . The finite element model of the whole lumbar spine mainly includes vertebral cortical bone, cancellous bone, posterior structure, end plate cartilage, articular cartilage, fibrous ring matrix, ring fiber, intervertebral disc nucleus pulposus and various kinds of ligaments, as shown in Fig.1 .
Vertebral cancellous bone, posterior structure, fibrous ring matrix and intervertebral disc nucleus are divided into three dimensional solid elements. Vertebral cortical bone, end plate cartilage and articular cartilage are all of the bony substance which is covered on the surface, and they are very thin (The thickness of cortical bone is about 1mm, and the thickness of cartilage is about 0.5mm). So shell mesh can be used to simulate. Nucleus pulposus is in the center of the intervertebral disc, approximately 40% of the total area. The rest of the intervertebral disc is the fibrous ring matrix. There are 6 continuous mesh cross concentric layers of fiber ring embedded in the substrate, and the angles of the fiber and the adjacent end plates are +40°. The fiber is assumed to be linear elastic material only under tension, and spring element is used to simulate. Ligament is a kind of elastic connective tissue attached on the surface of bone to connect bones and strengthen the stability of the joint. When the ligament is relaxation bending, it is not under tension, and there can be tension in the presence of stretching. Based on the histological features above, spring element can be used to simulate the ligament of each group. The element type and material properties of the various lumbar spine [11] components model are shown in Table. I. III. RESULTS
A. The modal analysis
The modal analysis of the structure of the lumbar spine can get the natural vibration characteristics, namely natural frequency and vibration model. On this basis, we can further analyze the response of the lumbar spine structure under various incentives. Considering the influence of body weight on the lumbar spine a simplified 60kg mass was added to the upper surface of the lumbar spine L1. All degrees of freedom on the lower L5 surface are constrained. In the dynamic analysis of structure, the weight factor of each model is inversely proportional to the reciprocal of the modal frequency. That is to say, the low order modal characteristic basically determines the dynamic performance of the system. The first 10 modal of L1~L5 lumbar spine are calculated and extracted by the subspace method. As shown in Figure 2 , they are the first 2 modal vibration map of L1~L5 human lumbar spine under constraint condition. Respectively, the two different view angles of the front view and back view are observed in each modal. By observing the deformation animation of each modal, adjusting the displacement amplification ratio, the first 10 modal frequencies and modal shapes of the lumbar L1~L5 segment are described in Table. Π. Through the modal analysis, it can be found that the serious vibration response of the Lumbar spine is below 30Hz.The analysis of the first three steps of the lumbar spine modal analysis has the practical significance to analysis the influence of the rail transit on the passenger lumbar spine in vibration environment. The first pitching frequency of Ll~L5 lumbar spine finite element modal is 3.685Hz, and the first order frequency of the vertical modal is 23.04Hz.
From the results of the modal analysis, it can be seen that the low order natural frequencies of the lumbar spine are mainly concentrated in the 3Hz, and vibration modal is mainly manifested by the torsional motion accompanying translation motion. This is consistent with the results of the literature [12] .In the vibration environment of the human body, there is not only the vibration in the vertical direction, but also the front and back pitch motion of the small amplitude. And the higher order modals are mainly in flexion and extension motion. This is consistent with the symmetry of the function and structure of the lumbar spine. The natural frequency and modal shape of lumbar spine directly affect the dynamic response in the human body when it subjects to external loads. In order to avoid resonance, we should try to make the vibration frequency of external environment far away from the natural frequency of lumbar spine. The result shows that natural frequency of the seat should be avoided in the frequency range of 3Hz to 4 Hz and 21 to 22 Hz in seat design to provide a good seat comfort.
B. The vibration analysis
In the vibration analysis, the exciting force is applied on the constraint point of L5 to simulate the effect of high speed train vibration. The frequency range is 0~100Hz. According to the anatomical structure of the lumbar spine, the representative nodes are selected in the L1-L5 segment of the vertebral body, the posterior part of the structure, the connection between the vertebral body and the intervertebral disc and the protrusion of the intervertebral disc, as shown in the figure 3. Through calculation, the vibration amplitude of the selected node X, Y and Z three directions are obtained with the frequency change as shown in Figure. 4. The horizontal coordinate is the frequency of the load whose unit is Hz, and the longitudinal coordinate indicates the vibration amplitude of the node, and the unit is mm. In the study of ride comfort, the vibration amplitude is the main index to evaluate the degree of comfort. In the study of ride comfort, the vibration amplitude is the main index to evaluate the degree of comfort. Figure. 4 is the corresponding points on lumbar spine L1~L5 response curves of displacement to frequency on the direction of X Y and Z. From the above response curve, when he frequency is in the range of 3~4Hz and 22 ~ 24Hz, the peak value displacement of each direction appears. This shows that the lumbar structure is sensitive to the frequency range of 3~4Hz and 22~24Hz, which is similar to the natural frequency of the pitch modal and the vertical modal. It is indicated that resonance is likely to occur in these frequency ranges of the lumbar spine. If people stay in the vibration environment long time it can cause fatigue and even damage to the lumbar spine segment. Therefore, in the process of seat design the natural frequency of the seat should avoid these frequency ranges. The amplitude of the whole lumbar spine has changed dramatically. The amplitude of L5 is higher in the lower lumbar segment, which showed that the L5 had a higher load accumulation. This stress of high amplitude variation will increase the load bearing capacity of the lower lumbar spine. If this effect exists for a long time the higher strain energy will lead to the degradation of the related soft tissue and make the regeneration and reconstruction of local bone tissue, which may result in a variety of spinal disorders associated with long-term vibration. This result can explain the cause of lumbar spine in particular L3~L5 in the lower lumbar spinal motion segment in the long-term vibration environment. This result in a sense can explain the harmful reasons of the human lumbar spine, especially the lower lumbar spinal motion segment L3~L5 in long-term vibration environment [13] .
IV. DISCUSSION
In this paper, a finite element model of the whole lumbar spine is constructed. On the basis of this, the modal analysis and vibration analysis of the lumbar spine are carried out. The ten modals natural frequencies and response curves of characteristic points of the lumbar structure are obtained. From the results of the analysis the following conclusions can be drawn.
1. From the results of the vibration analysis can be seen that the amplitude of the lower lumbar is higher than that of the upper segment which show that L4 ~ L5 segment of the lumbar spine bears greater load and higher load accumulation. Therefore, people should pay particular attention to the protection of the lower lumbar spine in the long-term vibration environment.
2. The pitch modal natural frequency of lumbar spine is mainly concentrated in the vicinity of 3Hz and the vertical modal is mainly concentrated in the vicinity of 22Hz. The natural frequency of the seat should be avoided in the frequency range of 21 to 22Hz in seat design to provide a good seat comfort.
3. Based on the modal analysis of the lumbar spine, the vibration analysis of the lumbar spine is carried out. The curve of the special position on lumbar spine is obtained under the excitation, which its displacement amplitude changes with excitation frequency, so to obtain the sensitive frequency of the lumbar spine under excitation frequency. The results show that the peak value of displacement occurs in the range of 3~4Hz and 21~22Hz. It shows that the frequency range of the lumbar spine is prone to resonance, and it can cause fatigue and even damage to the lumbar under the environment of vibration.
